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ABSTRACT
We explore the potential of the kinetic Sunyaev-Zel’dovich (kSZ) effect as the cor-
nerstone of a future observational probe for halo spin bias, the secondary dependence
of halo clustering on halo spin at fixed halo mass. Using the IllustrisTNG magneto-
hydrodynamical cosmological simulation, we measure both the kSZ and the thermal
SZ (tSZ) effects produced by the baryonic content of more than 50,000 haloes within
the halo mass range 11 < log10(Mvir/h
−1M) . 14.5. First, we confirm that the mag-
nitude of both effects depends strongly on the total gas and virial mass of the haloes,
and that the integrated kSZ signal displays a significant correlation with the angular
momentum of the intra-halo gas, particularly for massive haloes. Second, we show that
both the integrated kSZ signal and the ratio of the integrated kSZ and tSZ signals
trace total halo spin, even though significant scatter exists. Finally, we demonstrate
that, in the absence of observational and instrumental uncertainties, these SZ-related
statistics can be used to recover most of the underlying IllustrisTNG halo spin bias sig-
nal. Our analysis represents the first attempt to develop a future observational probe
for halo spin bias, bringing forward alternative routes for measuring the secondary
bias effects.
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1 INTRODUCTION
Among the well-established secondary dependencies of halo
clustering, the one that has drawn more attention is the de-
pendence on halo age, or, more generally, the assembly his-
tory of haloes, an effect called halo assembly bias. At fixed
halo mass, lower-mass dark-matter (DM) haloes that assem-
ble a significant fraction of their mass early on are more
tightly clustered than those that assemble it at later times,
with the signal progressively vanishing towards the high-
mass end. Halo assembly bias is, however, just a particular
case of the more general secondary halo bias, which includes
dependencies on multiple halo properties (see, e.g., Sheth &
Tormen 2004; Gao et al. 2005; Wechsler et al. 2006; Gao &
White 2007; Angulo et al. 2008; Li et al. 2008; Lazeyras et al.
2017; Salcedo et al. 2018; Han et al. 2018; Mao et al. 2018;
Sato-Polito et al. 2019; Johnson et al. 2019; Montero-Dorta
? E-mail: amonterodorta@gmail.com
et al. 2020; Tucci et al. 2020). Among these other important
dependencies, the secondary dependence on halo spin, called
halo spin bias, is the focus of this work.
Although halo spin bias was first observed more than
a decade ago (e.g., Gao & White 2007), only recent mea-
surements have provided a complete description of the sig-
nal. Sato-Polito et al. (2019), in particular, presented an
accurate measurement of spin bias for a halo mass range
spanning four orders of magnitude. While it was known
from early on that higher-spin haloes are more tightly clus-
tered than lower-spin haloes at the high-mass end, Sato-
Polito et al. (2019) showed that the trend actually inverts
below a characteristic mass. At z = 0, slower rotators are
in fact more highly biased than faster rotators of the same
mass below log10(Mvir/h
−1M) ∼ 11.5, with this character-
istic mass shifting towards smaller masses at higher redshifts
(Tucci et al. 2020). This spin bias inversion, which was sub-
sequently confirmed by Johnson et al. 2019, is caused by the
effect of splashback haloes, as shown in Tucci et al. (2020).
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2 Montero-Dorta et al.
The splashback haloes are distinct haloes at the redshift un-
der analysis that previously passed through the virial radius
of other distinct but more massive haloes, thus sharing the
large-scale bias properties of their companions. Although the
physical origin of the spin bias inversion has been revealed,
a compelling theory for the intrinsic mass dependence of
the signal, once splashbacks are removed, is yet to be estab-
lished (see dicussion in, e.g., Lacerna & Padilla 2012; Salcedo
et al. 2018; Paranjape et al. 2018; Johnson et al. 2019; Ra-
makrishnan et al. 2019; Sato-Polito et al. 2019; Mansfield &
Kravtsov 2020; Tucci et al. 2020).
The above halo bias dependencies are particularly inter-
esting if they produce a measurable imprint on the galaxy
population. As shown in Montero-Dorta et al. (2020) us-
ing the IllustrisTNG magneto-hydrodynamical simulation1,
these effects are expected to be transmitted to (or traced by)
the central galaxy population, in the sense that the cluster-
ing of central galaxies at fixed halo mass should depend on
secondary halo properties such as halo formation time. The
existence of this so-called galaxy assembly bias2 has impor-
tant consequences, not only in terms of the halo–galaxy con-
nection, but also for structure formation, the modelling of
halo clustering, and the extraction of cosmological informa-
tion from galaxy surveys (see discussion in Hearin & Watson
2013; Hearin et al. 2014, 2016; Zentner et al. 2019; Wech-
sler & Tinker 2018). Although several attempts have been
reported, conclusive evidence for the existence of galaxy as-
sembly bias has not been established yet (Zentner et al.
2016; Miyatake et al. 2016; Zu et al. 2016; Lin et al. 2016;
Sunayama et al. 2016; Montero-Dorta et al. 2017; Niemiec
et al. 2018; Walsh & Tinker 2019; Sunayama & More 2019;
Obuljen et al. 2020).
In the context of a potential observational detection,
halo spin bias has the advantage that the signal itself is ex-
pected to increase with halo mass (see, e.g., Sato-Polito et al.
2019; Johnson et al. 2019; Tucci et al. 2020). The potential
signal should, therefore, be maximal for the biggest clus-
ters, which are in turn easier to probe. Probing halo spin is,
however, intrinsically challenging, as it represents a second-
order measurement with respect to halo mass. In this work,
we use the IllustrisTNG simulation at redshift z = 0 to in-
vestigate the observability of spin bias through the rotation
of the intra-halo gas (or intra-cluster medium, ICM3), which
is expected to trace the rotation of the DM component of
the halo (e.g. Montero-Dorta et al. 2020). These measure-
ments are combined with a clustering analysis performed
at fixed halo mass, a type of study that has only become
feasible in hydrodynamical simulations recently, thanks to
1 http://www.tng-project.org
2 Note that, in this context, it is common to refer to all the
secondary dependencies of galaxy clustering as galaxy assembly
bias, although, strictly speaking, the name secondary galaxy bias
would be more adequate.
3 Note that, strictly speaking, the haloes that we analyse in this
work span a wide range of halo masses that is not restricted to
cluster-size haloes. For this reason, the term “intra-halo gas” is
favoured throughout this work.
the increase in cosmological volume provided by some of the
IllustrisTNG boxes.
The intra-halo gas is defined in this work as all the gas
that is contained inside the halo, including the amount that
is in the form of galaxies. In order to probe its global rota-
tion, we measure the Sunyaev Zel’dovich effect (SZ, Sunyaev
& Zel’dovich 1970, 1980a,b) induced by every single halo
with mass Mvir > 10
11 h−1M in the IllustrisTNG100 and
IllustrisTNG300 boxes (hereafter TNG100 and TNG300, re-
spectively). The SZ effect is produced by the inverse Comp-
ton scattering of the photons of the cosmic microwave back-
ground (CMB) as they propagate through galaxy clusters.
The observational probe that we explore here is based on
the kinetic SZ (kSZ) effect, where the scattering is due to
the coherent, bulk motion of electrons inside the cluster. A
purely rotational motion of the ICM would produce varia-
tions in the CMB spectrum (or in temperature, i.e., ∆T/T )
in the form of a dipole (see Cooray & Chen 2002; Chluba &
Mannheim 2002). Quantitatively, the kSZ signal is propor-
tional to the integral of the product of the electron number
density and the cluster velocity component along the line of
sight (los), so it is expected to be higher from richer (i.e.,
more massive) and faster-rotating haloes. We complement
our kSZ measurement with the thermal SZ (tSZ) effect, in
which the Compton scattering of CMB photons is produced
by the random thermal motion of electrons. The tSZ effect is
a well-documented proxy for the total mass of the halo (see
e.g., Arnaud et al. 2010; Andersson et al. 2011; Marriage
et al. 2011; Sifo´n et al. 2013; Battaglia et al. 2012; Krause
et al. 2012; Sembolini et al. 2013; Yu et al. 2015; Lim et al.
2020), which is of course a critical quantity for secondary
bias studies.
Analytical models of the kSZ effect (Chluba &
Mannheim 2002; Cooray & Chen 2002) predict amplitudes
at the peak of the dipole of the order of a few to a few
dozen µK, this depending, of course, on the orientation of
the halo’s rotational axis with respect to the los, and on
the properties of the cluster itself. Observationally, measur-
ing the kSZ effect from individual objects is still challeng-
ing (e.g., Dupke & Bregman 2002; Mroczkowski et al. 2012;
Sayers et al. 2013; Adam et al. 2017; Sayers et al. 2019),
but significant progress has been made in recent years us-
ing a more statistical approach. In particular, the kSZ effect
has been detected at high statistical significance using the
relative pairwise momentum between the kSZ signals pro-
duced by pairs of galaxy clusters (see, e.g., Hand et al. 2012;
Planck Collaboration et al. 2016b; Li et al. 2018). Next-
generation instrumentation, however, is expected to allow
measurements on an object-by-object basis for sizeable sam-
ples of clusters, which will have important applications for
cosmology (e.g., Herna´ndez-Monteagudo et al. 2006; Bhat-
tacharya & Kosowsky 2007, 2008; Zhang & Stebbins 2011;
Hand et al. 2012; Mueller et al. 2015; Alonso et al. 2016; So-
ergel et al. 2018; Basu et al. 2019; Mroczkowski et al. 2019;
Nicola et al. 2020).
Hydrodynamical simulations are laboratories for
galaxy-formation physics and excellent forecasting tools for
future observational probes. Baldi et al. (2018) demon-
strated, using a small sample of haloes from the MUSIC
c© 0000 RAS, MNRAS 000, 000–000
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(Marenostrum-MultiDark SImulations of galaxy Clusters)
high-resolution simulation (Sembolini et al. 2013), not only
that the amplitude of the kSZ temperature distortion in hy-
drodynamical simulations is consistent with theoretical esti-
mates, but also, that the expected radial profile of the rota-
tional velocity of the gas can be reconstructed from the mea-
sured signal. More recently, Lim et al. (2020) provided a de-
tailed comparison of the physical properties of the intra-halo
gas between observations and several hydrodynamical simu-
lations. These works, and other related halo–galaxy connec-
tion analyses using hydrodynamical simulations, makes us
confident about the validity of our forecast.
Following the philosophy of Baldi et al. (2018), we ap-
proach the SZ measurements from a “semi-theoretical” per-
spective. On the one hand, we use a state-of-the-art hydro-
dynamical simulation that models realistically the structure
and dynamics of gas inside haloes. On the other hand, we ne-
glect, for the time being, the observational and instrument-
related uncertainties associated with a real-life detection.
The main goal of this first analysis is to discuss and eval-
uate the potentialities of the SZ effect as an observational
probe for halo spin bias, by measuring the intrinsic signal
for a large number of hydrodynamical haloes.
The paper is organised as follows. Section 2 provides a
brief description of the simulation box and the halo sam-
ple analysed in this work. The halo spin bias measurement
is reviewed in Section 3. The observational probes, i.e., the
SZ effects, are explained in detail in Section 4: theory (4.1),
implementation in IllustrisTNG (4.2), and integrated signal
(statistic) definition (4.3). The main results of our analy-
sis are presented in Section 5, including: kSZ maps (5.1),
scaling relations (5.2), and the clustering analysis (5.3). For
reference, the current state of SZ observations is summarised
in Section 6. Finally, Section 7 is devoted to discussing the
implications of our results and providing a brief summary
of the paper. The IllustrisTNG simulations adopt the stan-
dard ΛCDM cosmology (Planck Collaboration et al. 2016a),
with parameters Ωm = 0.3089, Ωb = 0.0486, ΩΛ = 0.6911,
H0 = 100 h km s
−1Mpc−1 with h = 0.6774, σ8 = 0.8159
and ns = 0.9667.
2 SIMULATION DATA AND HALO SAMPLE
We use the galaxy and DM-halo catalogues from the Il-
lustrisTNG suite of magneto-hydrodynamical cosmological
simulations (Springel et al. 2018; Pillepich et al. 2018).
The IllustrisTNG simulations are produced with the arepo
moving-mesh code (Springel 2010) and are built from the
Illustris simulation, improving upon its performance (Vo-
gelsberger et al. 2014a,b). The simulation includes sub-grid
models for star formation, stellar and AGN feedback, radia-
tive metal-line gas cooling, and chemical enrichment from
SNII, SNIa, and AGB stars. It adopts, as mentioned before,
a cosmology consistent with the 2015 Planck constraints
(Planck Collaboration et al. 2016a).
In this work, we analyse two different boxes from the
IllustrisTNG suite: IllustrisTNG300-1 (that we simply call
TNG300), which corresponds to a periodic cubic box of side
Figure 1. The correlation between the angular momentum of
the intra-halo gas and that of the DM component within the
virial radius, Rvir, for haloes in TNG300. Contours are computed
for all haloes with halo mass Mvir > 10
10.5 h−1M, whereas
dots represent a randomly selected subset containing 10% of this
population. The dashed line indicates the one-to-one relation.
length 205 h−1Mpc, and IllustrisTNG100-1 (TNG100), of
side length 75 h−1Mpc. The TNG300 and TNG100 boxes
were run from a starting redshift z = 127 to the present,
z = 0. TNG300 uses DM particles of mass 4.0×107 h−1M,
while the mass of the initial gas cells is 7.6 × 106 h−1M.
TNG100 has higher resolution, with DM particles of mass
5.1×106 h−1M and initial gas cells of 9.4×105 h−1M. The
main results of this paper are obtained with TNG300, which
provides enough cosmological volume to ensure a reliable
clustering measurement. TNG100, on the other hand, allows
us to check the robustness of our results against potential
resolution issues (see the Appendix).
In the IllustrisTNG simulations, DM haloes are identi-
fied using a friends-of-friends (FOF) algorithm with a link-
ing length of 0.2 times the mean inter-particle separation
(Davis et al. 1985). The gravitationally bound substructures
(subhaloes) are identified using the SUBFIND algorithm
(Springel et al. 2001; Dolag et al. 2009), with those contain-
ing a baryonic component being considered galaxies. Most
haloes (or groups in the IllustrisTNG nomenclature) contain
multiple galaxies, where the “central” galaxy is assumed to
be the most massive (and gravitationally bound) among all
galaxies in the group.
In our analysis, we use the virial mass of the haloes,
Mvir, defined as the total mass enclosed within a sphere of
radius Rvir (i.e., the radius at which the enclosed density
equals 200 times the critical density). The spin of the halo
is defined as in Bullock et al. (2001), namely:
λhalo =
|J|√
2MvirVvirRvir
, (1)
where J is the angular momentum of the halo and Vvir is
its circular velocity at the virial radius Rvir. Note that both
Mvir and λhalo are dominated by the DM component of the
c© 0000 RAS, MNRAS 000, 000–000
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halo, even though they are defined for the combination of
all halo components (DM+baryons). As shown in Montero-
Dorta et al. (2020) (Fig. 3), the inclusion of baryons has
little effect on the halo spin bias signal.
We complement our analysis of IllustrisTNG with
the MultiDark4 suite of N-body cosmological simulations
(Klypin et al. 2016). Thanks to their size and DM resolution,
the MultiDark boxes have produced the most accurate mea-
surements of halo spin bias for a wide halo mass range (see
Sato-Polito et al. 2019). We use 5 different simulation boxes
here: Very Small MultiDark Planck (VSMDPL), Small Mul-
tiDark Planck (SMDPL), MultiDark Planck 2 (MDPL2),
Big MultiDark Planck (BigMDPL) and Huge MultiDark
Planck (HugeMDPL). These boxes contain ∼40003 particles
and span side lengths of 0.16, 0.4, 1, 2.5 and 4 h−1Gpc, re-
spectively. A summary of the numerical parameters of each
simulation can be found in Klypin et al. (2016). Haloes in
the MultiDark boxes were identified using the ROCKSTAR
software (Behroozi et al. 2013). Throughout this work, only
distinct haloes are considered.
We finish this section by showing, in Figure 1, the strong
correlation that exists in TNG300 between the angular mo-
mentum of the gas inside haloes and the angular momentum
of the the DM component. This plot, which was presented in
Montero-Dorta et al. (2020), motivates the current analysis,
since it demonstrates that the dynamics of the DM com-
ponent are transmitted to the rotating intra-halo gas. Note
that, inside the haloes, we make no distinction between the
gas that is bound to the galaxies and the gas that distributes
around them, since both contribute to the SZ signal.
3 THE HALO SPIN BIAS MEASUREMENT
Figure 2 displays the halo spin bias measurement at z = 0
from the MultiDark suite of N-body numerical simulations,
in the standard way of presenting this secondary dependence
(see, e.g., Sato-Polito et al. 2019; Johnson et al. 2019; Tucci
et al. 2020). The relative spin bias, bλ, between subsets of
haloes selected according to λhalo and the entire halo popula-
tion at a given mass bin is shown as a function of halo mass.
These subsets in N-body simulations are usually chosen so
that they encompass the 25% highest- and lowest-spin halo
subpopulation, respectively, in order to maximise the signal
(redder and bluer tones, respectively, in Figure 2). The rela-
tive bias is measured here using the correlation function. At
a given mass bin, Mi, and scale r, the value of bλ between
a λhalo-subset, Sλ, and the entire mass bin, can be simply
measured as the ratio:
b2λ(r,Sλ|Mi) =
ξ[Sλ,Sλ](r)
ξ[Mi,Mi](r)
, (2)
where ξ indicates the auto-correlation, and Sλ ∈ Mi. In Fig-
ure 2, the bias is averaged on scales 5–15 h−1Mpc, which is
the standard range of scales used in secondary bias analy-
ses. The error bars are obtained as the standard deviation
4 http://skiesanduniverses.org
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Figure 2. The halo spin bias measurement from the MultiDark
suite of N-body numerical simulations at z = 0. Each point rep-
resents the relative bias between the high-spin (redder colours) or
the low-spin (bluer colours) quartiles and the entire population
at a given halo mass bin. Error bars show the standard deviation
computed from a set of sub-boxes (see Sato-Polito et al. 2019;
Tucci et al. 2020 for more details). The MultiDark boxes em-
ployed are distinguished by progressively darker tones. From left
to right, results from the Very Small MultiDark (VSMD), Small
MultiDark (SMD), MultiDark Plack 2 (MDPL2), Big MultiDark
(BMD) and Huge MultiDark (HMD) boxes are shown.
of a set of sub-boxes (Sato-Polito et al. 2019; Tucci et al.
2020). Note that Equation 2 can be also expressed in terms
of cross-correlations, which are commonly used to improve
the signal-to-noise of the measurement.
Figure 2 shows the spin bias signal over 5 orders of
magnitude in halo mass. Below a characteristic mass of
log10(Mvir/h
−1M) ' 11.5, slower-rotating haloes are more
tightly clustered than faster-rotating haloes of the same
mass, an inversion produced by the presence of splashback
haloes (Tucci et al. 2020). It is only above the aforemen-
tioned mass that the intrinsic spin bias signal, where higher-
spin haloes have higher bias than lower-spin haloes, is ob-
served. This signal is maximal for the most massive, largest
haloes, reaching a factor ∼1.5 in the ratio of relative biases.
As we will show in following sections, the SZ effects are ex-
pected to be stronger and easier to detect at the high-mas
end.
As shown in Montero-Dorta et al. (2020), the spin bias
signal measured from TNG300 differs slightly from the sig-
nal presented in Figure 2 (and from other measurements
using N-body numerical simulations). At the very low-mass
end, the inversion produced by splashback haloes is not ob-
served, whereas at the high-mass end, the signal vanishes
for the most massive haloes (see Figure 7 below). While the
vanishing signal at the high-mass end is clearly caused by
low-number statistics, the reasons for the lack of a low-mass
inversion are still unclear and under investigation. These dif-
ferences, however, do not affect the validity of our forecast,
since the efficiency of the kSZ technique as a probe for spin
c© 0000 RAS, MNRAS 000, 000–000
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bias is addressed relative to the amount of signal in TNG300.
For discussion on the physical origins of the signal itself and
its potential connection with the assembly bias trend, see
Sato-Polito et al. (2019); Johnson et al. (2019); Ramakrish-
nan et al. (2019); Mansfield & Kravtsov (2020); Tucci et al.
(2020).
4 THE OBSERVATIONAL PROBE
4.1 The tSZ and kSZ effects
The SZ effect (Sunyaev & Zel’dovich 1970, 1980a,b) is the
generation of temperature anisotropies in the observed CMB
by the inverse Compton scattering of CMB photons as they
propagate through galaxy clusters. In the thermal SZ effect,
the scattering of CMB photons is produced by the thermal
energy of the electrons (random motion), and the magni-
tude of the signal is given by the dimensionless Compton
parameter y:
y(~n) ≡ σT kb
mec2
∫
los
dl Te ne, (3)
where ~n is the unit vector that defines the line of sight (los),
σT is the Thomson cross-section, kB is Boltzmanns constant,
Te is the electron temperature, me is the electron rest mass,
c is the speed of light, and ne is the electron number density.
The Compton parameter y is therefore proportional to the
electron pressure integrated along the los. This parameter is
related to the relative change in temperature in the CMB,
∆T
TCMB
, in the following way:
[
∆T
TCMB
]
tSZ
(~n) = g(x)y(~n) (4)
where g(x) = xcoth(x/2) − 4 is the conversion factor at a
given dimensionless frequency x ≡ hν/(kBT ), and TCMB =
2.725 K (Mather et al. 1999; Fixsen 2009). See, e.g., Rephaeli
(1995); Mroczkowski et al. (2019) for more details.
The amplitude of the integrated tSZ effect is known to
be a robust proxy for the total gas mass of the halo. The
rotational properties of the gas, on the other hand, can be
investigated using the second-order kinetic SZ effect. In the
kSZ effect, the temperature fluctuations are caused by the
Doppler shift due to bulk, coherent motion of the electrons.
These fluctuations now depend on the integral along the los
of the density as well as the peculiar velocity of the electrons.
Since the circumgalactic medium is optically thin to photons
from the CMB, the relative change in temperature, ∆T
TCMB
,
from free electrons in a halo can be expressed using the
single-scattering limit, which also applies to the tSZ above.
Namely:
[
∆T
TCMB
]
kSZ
(~n) =
σT
c
∫
los
dl ne ~v · ~n, (5)
where ~v is the velocity of the electrons in the CMB rest
frame. In contrast to the change in temperature due to the
thermal effect, the kSZ is independent of frequency. Note,
also, that the tSZ correlates with baryonic mass through ne,
whereas the kSZ is connected to both mass and rotational
velocity, very much like angular momentum is.
A purely rotational motion of the intra-halo gas (i.e.,
as a rigid body) would produce temperature fluctuations
in the form of a dipole on the plane of the detector (see,
e.g. Cooray & Chen 2002; Chluba & Mannheim 2002), as
long as the los does not coincide with the rotation axis of
the halo. In practice, the dynamics and geometry of the
intra-halo gas are very complex and haloes are oriented in
all possible directions. All these issues can debilitate the
signal, but the power of the kSZ effect resides in the fact
that it does not require an ideal orientation of the halo. The
amplitude of the dipole depends on the integrated product
of the los component of the velocity vlos = ~v · ~n times the
number density, so a certain amount of signal is, in most
cases, produced (particularly for massive haloes).
Finally, other SZ effects that are not addressed in this
work are known to exist, including non-thermal SZ effects,
relativistic corrections to the SZ effect, and polarised SZ ef-
fects, all arising from scattering of CMB photons with the
free electrons residing in the potential wells of haloes. For a
detailed description of the different SZ effects, their applica-
tions, and observability, see Mroczkowski et al. (2019). For
the theoretical derivation and physics behind the SZ effects
we also refer the reader to, e.g., Rephaeli (1995).
4.2 Measurement in IllustrisTNG
In order to measure the temperature anisotropies produced
by the tSZ and the kSZ effects, the integrals in Equations 3
and 5 must be computed for the ∼50,000 haloes of TNG300.
These computations are performed in a simplified but con-
sistent manner in this work. First, all haloes are rotated so
that the z-axis in the halo’s reference frame corresponds to
its rotation axis. Following Baldi et al. (2018), the los is
oriented along the x-axis, i.e., always perpendicular to the
rotation axis. This is of course unrealistic, but it allows us
to measure the maximal “intrinsic” signal. The effect of this
choice is, in practice, small, so the main conclusions of this
paper remain qualitatively the same when the rotation is
not applied. Also for convenience, all haloes are assumed to
be located at z = 0.05. This distance is large enough that
assuming that the los is always parallel to the x-axis is a
very good approximation.
The integration itself is performed dividing the space
spanned by the halo in cubic integration cells that are sig-
nificantly larger than the typical size of the gas cells, but
small enough that this effective loss of resolution does not
affect our results in any significant way. Within each of these
cubic cells, the average values for the temperature (for tSZ)
and the electron number density and los velocity (kSZ) of
the gas cells are taken. Throughout this work, we employ a
grid of 100X100 cells on the plane of the detector (i.e., at
z = 0), independently of the size of the halo. This yields a
varying resolution that increases for the smaller haloes. Al-
though this choice is not common (or even possible) in ob-
servations, it provides us with a more precise measurement
of the intrinsic SZ signals across the entire mass range. We
c© 0000 RAS, MNRAS 000, 000–000
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have checked, nevertheless, that fixing the resolution to a
small or to a very high value does not change our results
qualitatively.
Each halo in the simulation is located at a particular
position within the box and has a given group velocity asso-
ciated to it. This peculiar velocity must be subtracted, since
it would otherwise wash out the kSZ signal. We thus set
the reference frame for each halo at its centre of mass (CM)
and subtract the group position and velocity from the gas
coordinates and velocities.
The electron density of each gas cell within the halo, ne,
is obtained from the properties provided in the IllustrisTNG
database. For non-star-forming gas cells, ne is simply com-
puted as:
ne = NeXH
ρgas
mp
, (6)
where Ne is the electron abundance, ρgas is the gas density
of the cell, XH = 0.76 is the hydrogen mass fraction, and
mp is the proton mass.
For star-forming cells, the sub-grid model adopted in
IllustrisTNG assumes an unresolved multi-phase interstellar
medium made of a mix of volume-filling warm gas and dense
cold clumps, the latter containing most of the mass of the
cell (Springel & Hernquist 2003). Following the approach of
Marinacci et al. (2017) and Stevens et al. (2019), the ionised
fraction of each gas cell is computed as the fraction of gas in
the volume-filling warm component. In order to obtain this
fraction, it is convenient to first determine the mass fraction
of the cold gas phase, fneutr, as (Springel & Hernquist 2003):
fneutr =
uhot − u
uhot − ucold , (7)
where u is the internal energy per unit mass of the gas cells,
with equation of state u = P/[(γ − 1)ρ], and ucold and uhot
are the gas thermal energy of the cold and hot phases of
each cell, respectively. The electron density of star-forming
gas cells is simply computed from fneutr as (1− fneutr)ne.
We refer to Marinacci et al. (2017) and Stevens et al. (2019)
for further details5.
Finally, the gas temperature, which is necessary to mea-
sure the tSZ effect through Equation 3, is computed using
the mass, internal energy, and electron abundance of each
individual cell.
The main results of this paper are obtained with the
TNG300 box, which is large enough to ensure a good clus-
tering measurement. In the Appendix, we provide a compar-
ison with the smaller but higher-resolution TNG100 box.
4.3 The tSZ and kSZ statistics
By computing Equations 3 and 5 in pixels on the plane per-
pendicular to the los at z = 0 (i.e, the detector’s plane,
x′ − y′), tSZ and kSZ 2-D maps can be obtained. The tSZ,
5 In this work, we use the Dirty AstroPy repository (https:
//github.com/arhstevens/Dirty-AstroPy) from Stevens et al.
(2019) to compute the ionised fraction of each gas cell.
in particular, produces a single-peak distribution centred at
the halo’s CM. From the Compton y-maps, a simple statis-
tic, the integrated tSZ signal, YtSZ, is defined for each halo
as the sum of all pixels. Namely:
YtSZ = D TCMB
∑
map
y(x′, y′), (8)
where the sum extends to the entire map and D is the ratio
of the area of the pixel in physical units and the square of the
angular distance to z = 0.05, i.e., D = s2/d2A. The area s
2
depends on the particular halo, since the resolution varies.
The angular distance dA, however, is assumed to be the
same for all haloes. The CMB temperature is introduced for
consistency with the kSZ statistic below, and TCMB = 2.725
K is assumed (Mather et al. 1999; Fixsen 2009). Note that,
for simplicity, we are implicitly disregarding the conversion
factor in Equation 4.
The definition of an integrated signal is a bit trickier
for the kSZ effect, which produces a dipole pattern on the
plane of the detector. In order to compress the kSZ informa-
tion on the kSZ maps into a single statistic, the integrated
kSZ dipole signal, SkSZ, is defined in terms of a simple sum
of pixel values above and below a chosen demarcation. This
demarcation, which separates the dipole components, is de-
fined by the angle, θ, with respect to the x′-axis on the plane
of the detector. The signal SθkSZ, for a given θ, can therefore
be expressed as:
SθkSZ = D
∑
+
[∆T ]kSZ −D
∑
−
[∆T ]kSZ , (9)
where the suffixes “+” and “-” in the summation terms refer
to the two halves, above and below the demarcation. Note
that this choice of statistic is completely arbitrary, and, in
fact, the statistic could be defined differently in a real obser-
vation. As shown in following sections, we have simply cho-
sen the one that provides a tighter correlation with λhalo
(and with the mass and angular momentum of the gas),
while being easy enough to compute for a large sample of
haloes.
The ideal configuration for the kSZ depends on the par-
ticular orientation of the halo on the plane of the detector.
Since we analyse a large sample in this work (comprising
more than 50,000 haloes), we must automatise the place-
ment of the dividing demarcation, which should follow the
line separating the dipole components. In order to do so, we
define 50 different orientations for the demarcation, θi(deg)
∈ [-90,90], which cover the entire range of choices. The final
statistic that we use throughout this work, which we sim-
ple denote by SkSZ, corresponds to the configuration that
maximises the signal.
The practical implementation of the above method faces
several problems. First, the maps contain ourliers, i.e., pix-
els for which the signal is unrealistically large. These outliers
are produced by small-scale substructures that occasionally
have very large projected velocities (see, e.g., Baldi et al.
2018). Since they are mostly uncorrelated with the rota-
tional properties of the haloes, they need to to be masked
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Figure 3. kSZ maps showing [∆T ]kSZ for 9 randomly-selected haloes in TNG300, with gas masses in the range 12.5 .
log10(Mgas/h
−1M) . 14. In each panel, the kSZ temperature fluctuations in units of µK, computed from Equation 5 assuming
TCMB = 2.725 K, are shown for each pixel on the x
′ − y′ plane. Note that, in order to emphasise the effect, haloes have been rotated so
that the los is placed in the direction perpendicular to the rotation axis of each halo. The field of view for each halo is determined here
by the maximum separation of the gas particles with respect to the halo centre on the x′ − y′ plane (Lmax), with resolution equal to
(2×Lmax)/100. The halo-centric circle indicates the region where 2/3 of gas particles reside. Finally, in order to show the kSZ substructure
of the haloes, saturation limits at [∆T ]kSZ = ±1 µK are set in the colour bar. This ensures that the maps are not dominated by a few
pixels. Note that the fluctuations can easily reach a few dozen µK, but this peak signal is only observed in a reduced number of pixels.
out. We alleviate this problem by removing all pixels with
kSZ signals above a 5-σ level from the mean (for each half
of the detector). Second, for a small fraction of haloes, the
dipole is not centred on the projection of the halo’s CM on
the detector’s plane. In order to find the centre, we simply
compute the module of the gradient of the signal on the
plane, and smooth it with a Gaussian kernel of a few pixels
width. By doing this, we can identify the region on the map
where the change in the temperature fluctuations is larger,
which corresponds to the line that separates the dipole com-
ponents. The Gaussian smoothing ensures that this is not
dominated by any outliers.
Finally, it is convenient to define the ratio between the
kSZ and the tSZ signals, which we call LSZ:
LSZ =
SkSZ
YtSZ
. (10)
Note that using the LSZ dimensionless statistic in the
context of this work is motivated by the Bullock et al. def-
inition of halo spin, which can be expressed in terms of the
specific angular momentum of the halo, i.e., the angular mo-
mentum per unit virial mass (Equation 1).
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Figure 4. Upper row: The correlation between the integrated tSZ signal, YtSZ (expressed in logarithmic units, see Equation 8), and
the logarithm of the total gas mass (left) and the virial mass of the halo (right), respectively. Mean values and ±1-σ uncertainties are
shown on top of the data points. Lower row: The same for the integrated kSZ signal, SkSZ (see Equation 9). The Spearman rank-order
correlation coefficient, ρ, is provided in the bottom-right corner of each panel.
5 RESULTS
In this section, we provide examples of kSZ maps, discuss
the scaling relations with respect to several halo properties
of interest, and analyse the clustering of haloes as a function
of the SkSZ and LSZ statistics.
5.1 The kSZ maps
Figure 3 displays some examples of 2D kSZ maps,
[∆T ]kSZ(x
′, y′), measured on the plane of the detector,
x′ − y′. Nine randomly-selected haloes with gas contents
expanding the range 12.5 . log10(Mgas/h−1M) . 14 are
shown. These haloes have been rotated so that the los lies
perpendicular to their rotation axis, a choice that, by defini-
tion, should maximise the amplitude of the dipole pattern6
(which is proportional to the integrated product ~v · ~n).
In each panel of Figure 3, the field of view expands twice
6 In practice, due to the turbulent motion of gas inside haloes,
the effect is relatively small.
the projected maximum separation of a gas particle with re-
spect to the projection of the halo’s CM on the x′−y′ plane
(2*Lmax). For the representative sample displayed in Fig-
ure 3, Lmax ∼1-3 h−1Mpc. We employ 100X100 pixels in
our calculation, a configuration that yields a typical resolu-
tion between 20X20 and 60X60 h−2kpc2, approximately. A
scale of 20 kpc correspond to ∼ 20 arcsec at z = 0.05. As a
reference, the recently claimed detection of the kSZ effect in
the cluster system MACS J0717.5+3745 is based on a mea-
surement that reaches an effective angular resolution of 22
arcsec (Adam et al. 2017). Note that these sub-arcmin res-
olutions are currently very challenging to achieve, but they
will be attainable with future instrumentation for large sam-
ples of clusters (see Section 6 below). Importantly, we have
checked that degrading the resolution in our computation
does not have a qualitative impact on our results.
Figure 3 illustrates some of the typical cases that we
encounter in our sample, with dipoles being more evident
for some haloes than others. In order to provide a better
visualisation of the halo structure, a “saturation limit” in the
colour bar of our maps is imposed (i.e., pixels with absolute
values above these limits are painted in the same colour).
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Figure 5. Left: The correlation between the integrated kSZ signal, SkSZ (expressed in logarithmic units, see Equation 9), and the
logarithm of the total angular momentum of the gas. Mean values and ±1-σ uncertainties are shown on top of the data points. Right: In
the same format, the ratio of the integrated kSZ and tSZ signals, LSZ (see Equation 10), as a function of halo spin, in logarithmic units.
The Spearman rank-order correlation coefficient, ρ, is provided in the bottom-right corner of each panel.
This is necessary, since the signal is strongly dominated by
the inner regions of the haloes, where the majority of the
particles reside (the circles represent the region around the
CM containing 2/3 of the particles). In these regions, the
peak signal can reach dozens of µK in [∆T ]kSZ for the largest
haloes.
In most cases, the demarcation separating the two com-
ponents of the dipole is fairly obvious. However, as expected,
we also find cases where the turbulent motion of gas inside
the halo prevents the formation of a clear dipole (top left
panel of Figure 3). The halo at the bottom-right corner of
the figure is also problematic, since the dipole is not centred
at the CM of the halo. As described in the previous section,
we have developed a simple and efficient way to correct this
issue.
5.2 The scaling relations
Although, for simplicity, we opt to show only kSZ maps, tSZ
y(x′, y′)-maps are also computed for all haloes in TNG300.
From these two sets of maps, the three statistics defined in
Section 4.3, i.e., SkSZ, YtSZ, and LSZ, are measured for each
halo. In this section, we evaluate the performance of these
quantities as tracers of several gas and virial halo properties.
We begin by analysing the mass components in Fig-
ure 4. This figure demonstrates that, 1) both the tSZ and
the kSZ statistics can be considered good tracers of the to-
tal gas mass and virial mass of the halo (which is dominated
by the DM component), and, 2) the integrated tSZ signal
provides significantly better results at the high-mass end. In
the upper row, the logarithm of YtSZ is shown as a function
of gas mass (left) and virial mass (right); the same relations
are displayed for SkSZ in the lower row. Although the two
SZ statistics naturally differ in amplitude (this is irrelevant
for our analysis), both exhibit similarly-shaped correlations
with the two mass quantities under analysis, with a scatter
that increases towards the low-mass end. The scatter in the
YtSZ–mass relations is, however, smaller, becoming almost
imperceptible for the most massive haloes, where the per-
formance of the tSZ proxy is outstanding. As we explain be-
low, the larger scatter in the SkSZ–mass relation, particularly
at the high-mass end, is a consequence of the kSZ tracing
the rotational properties of haloes at fixed halo mass. The
Spearman rank-order correlation coefficient, ρ, shown in the
bottom-right corner of the plots, is, as expected, higher for
the thermal effect.
The potential of the kSZ technique as an observational
probe for spin bias depends mostly on how well the inte-
grated kSZ signal, SkSZ, traces the rotation of the intra-halo
gas and how this is related to the total spin of the halo. The
left-hand panel of Figure 5 displays the logarithm of SkSZ as
a function of the logarithm of the total angular momentum
of the intra-halo gas, Jgas. The correlation is again remark-
able, although the scatter becomes large at the low-mass
end, due to the turbulent motion of gas inside the haloes
(see, e.g., Battaglia et al. 2012; Yu et al. 2015). The correla-
tion coefficient for the entire mass range is still quite good,
ρ = 0.55.
Halo spin is proportional to the specific angular momen-
tum, j, the angular momentum per unit mass (Equation 1).
As shown above, the kSZ signal is proportional to the total
angular momentum and, therefore, also to the mass of the
intra-halo gas. For this reason, halo spin should be more di-
rectly connected to the ratio of the integrated kSZ (∝ J, M)
and tSZ signals (∝ M), which are computed independently.
The right-hand panel of Figure 5 displays the relation be-
tween LSZ and halo spin in TNG300. As expected, the scat-
ter increases with respect to the left-hand panel of the same
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Figure 6. The two-point correlation function, ξ, expressed as
a function of 3D separation r, for the four quartiles defined in
terms of the logarithm of the ratio of the integrated kSZ and the
tSZ signals, LSZ, measured from TNG300. A log-spaced binning
is assumed. The uncertainties, which are almost indistinguishable
in this range of scales, are obtained from a set of jackknife subsets.
figure, since halo spin also includes the DM component of
the halo. A correlation is nevertheless evident, with a coef-
ficient of ρ = 0.35. Note that here, the entire range of halo
masses is considered, decreases the correlation with λhalo (as
opposed to restricting the analysis to the high-mass end).
Although, theoretically, LSZ should be more directly
linked to λhalo, we have checked that SkSZ displays just a
marginally worse correlation with λhalo, i.e., ρ = 0.33. In
practice, by dividing by YtSZ, we might introduce an extra
amount of scatter (particularly at the low-mass end) that
could eliminate the potential advantages of using LSZ.
The scatter found between LSZ (or SkSZ) and λhalo is,
in any case, not surprising, given the complex dynamics and
composition of the intra-halo gas. As we show in the next
section, this does not imply that the spin bias signal cannot
be recovered, at least partially, using LSZ or SkSZ as a halo
discriminator. The clustering measurements are statistical in
nature and often a strong correlation is not required for the
signal to be “transmitted” (see discussion on halo/galaxy
spin bias in Montero-Dorta et al. 2020).
It is worthwhile to stress once more the differences be-
tween angular momentum and spin. The angular momentum
depends on mass and, therefore, it indirectly correlates with
the integrated tSZ signal YtSZ (ρ = 0.45). However, the Bul-
lock et al. definition of spin eliminates the mass dependence,
thus isolating the rotational effect. We have checked that
YtSZ displays almost null correlation with λhalo (a marginal
ρ = 0.08), which in fact demonstrates that the correlation
with angular momentum comes from the mass itself. By
comparing Figures 4 and 5, one can realise that the larger
scatter observed between SkSZ and Mvir (as compared to
YtSZ–Mvir) is reflecting the secondary dependence on the
rotational properties of haloes, which manifests itself in the
correlation with spin.
We have checked that other possible definitions of SkSZ,
YtSZ, and LSZ, including those based on the mean/median
instead of the sum, or on restricting the calculation to the
inner regions of the haloes, produce also correlations with
the quantities considered. Our choice yields the best results
in the context of this analysis with the IllustrisTNG simula-
tion, but the situation could be different in other contexts.
Finally, in the Appendix, we provide a comparison between
the signals and scaling relations found for the TNG300 and
TNG100 boxes. As explained in Section 2, TNG100 is sig-
nificantly smaller than TNG300, which makes it unsuitable
for clustering studies. It provides, however, much higher res-
olution. In the Appendix, we demonstrate that our results
are not affected by the lower resolution of TNG300.
5.3 Clustering measurements
TNG300, with 205 h−1Mpc of side length, is one of the
largest hydrodynamical simulation boxes available to the
community and one of the first that actually allows for some
statistically-significant measurements of clustering (for cer-
tain scales and mass ranges, see, e.g., Montero-Dorta et al.
2020). In this section, we use the spatial distribution of
haloes in TNG300 to test whether the halo spin bias sig-
nal can be recovered from measurements of the SZ effects
(the SkSZ, YtSZ, and LSZ statistics).
Following the standard procedure in simulations (see
Section 3), we use the 3D two-point correlation function,
ξ(r), to measure the relative clustering between different
subsets of SZ-selected haloes. In Figure 6, ξ(r) is plotted on
scales 1 6 r[h−1Mpc] 6 20 as a function of the logarithm
of LSZ. The full sample of TNG300 haloes is here divided in
LSZ - quartiles, i.e., subsets of haloes defined using LSZ and
containing 25% of the entire population. The computation
of errors is based on a standard jackknife technique, where
a portion of 1/8 the total volume of the box is removed each
time (see below). Figure 6 displays a quite stable ξ(r) mea-
surement within the range of scales considered, along with
an interesting dependence on LSZ. The amplitude of cluster-
ing tends to increase with LSZ, but only the highest quartile
separates from the rest significantly. A similar behaviour is
found for SkSZ.
Importantly, since the primary determinant of halo clus-
tering is halo mass, the implicit distribution of halo masses
in each subset shown in Figure 6 has a strong effect on the
trend. In order to better isolate the dependence on the SkSZ
and LSZ statistics, we measure the relative bias at fixed halo
mass, following the procedure developed in Montero-Dorta
et al. (2020) for TNG300. The key aspect of this computa-
tion is the use of the cross-correlation between quartiles and
the entire halo sample, which maximises the signal-to-noise
of the measurement (this is important given the small size
of TNG300). For a given halo-mass bin Mi and subset S
(defined in terms of SkSZ or LSZ), the relative bias can be
measured as:
brelative(r,S|Mi) = ξ[S,all](r)
ξ[Mi,all](r)
, (11)
where ξ[S,all] is the cross-correlation between all objects in
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Figure 7. The secondary dependence of halo bias on the integrated kSZ signal and the ratio of the integrated kSZ and tSZ signals, at
fixed halo mass. The dark cyan and dark orange stars show, respectively, the relative bias for the 50% halo subpopulations with lower
and higher SkSZ (the statistic based on the kSZ effect alone). The light cyan and light orange circles represent the same type of subsets
selected in terms of LSZ (the ratio of statistics). Error bars on these measurements correspond to the jackknife uncertainties explained
in the text. The SZ clustering measurements are compared with two halo spin bias measurements: the underlying TNG300 singal (grey
lines) and the MultiDark (N-body simulation) results (coral/blue lines). Note that the SkSZ data points have been shifted slightly along
the x-axis in order to make the error bars distinguishable.
the subset and all objects in the sample, and ξ[Mi,all] is the
cross-correlation between all objects in the halo-mass bin
and the entire sample as well. The estimation of the relative
bias is performed by averaging over the range of scales 5
< r[h−1Mpc] < 12 (here, the upper limit is lowered slightly,
in order to avoid problems related to the small size of the
box, see Montero-Dorta et al. 2020). Note that the rela-
tive bias can be computed either from the auto-correlations
(Equation 2) or the cross-correlations (Equation 11). The
computation of errors is based on a standard jackknife tech-
nique, where the TNG300 box is divided in 8 sub-boxes
(Lsub−box = Lbox/2 = 102.5 h−1Mpc). The relative bias
is measured in 8 different configurations of equal volume,
obtained by subtracting one sub-box at a time. The errors
on the measured relative bias correspond to the standard
deviation of all individual configurations.
In Figure 7, the secondary bias, brelative, is displayed
for the two 50% LSZ-subsets and the two 50% SkSZ-subsets
(i.e., taking for both statistics half the population above and
below the median). These measurements are compared with
the TNG300 and MultiDark halo spin bias signals in the
halo mass range 11.5 < log10(Mvir/h
−1M) < 13.7. In or-
der to make measurements fully comparable, the MultiDark
relative-bias results are here obtained using 50% subsets as
well, instead of the standard 25% quartiles that only the
MultiDark statistics permit. The first important result of
Figure 7 is the excellent agreement between the spin bias
found in MultiDark and TNG300 (except for the very-high-
mass end, where the TNG300 signal vanishes due to the lack
of statistics). This is very reassuring in terms of the robust-
ness of secondary-bias measurements in TNG300.
Figure 7 also shows a systematic difference in relative
bias between subsets defined both in terms of SkSZ and
LSZ, which traces the spin bias trend. Interestingly, despite
the fact that LSZ provides a slightly better correlation with
λhalo, it is SkSZ that more closely follows the underlying
λhalo trend (note that the LSZ data points are, nevertheless,
statistically compatible). It is of course at the high-mass
end that we find the largest separations in brelative for both
statistics. The spin bias signal is small at the low-mass end,
but it reaches around 15% at log10(Mvir/h
−1M) = 13 and
∼25% at log10(Mvir/h−1M) ' 14. Figure 7 shows that the
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performance of the two SZ-based statistics is very good rela-
tive to the underlying signal. Importantly, by dividing by the
integrated tSZ signal in LSZ, we are mitigating the potential
effect of halo mass in Figure 7.
In order to provide more insight on the correlation be-
tween the SZ-based statistics and λhalo, we have measured
the overlap between subsets selected using these quantities,
following Montero-Dorta et al. (2020). The average subset
overlap is defined as the average percentage of objects that
pertain to the high/low λhalo-subset that are also part of the
high/low LSZ- (or SkSZ-) subset
7 (the overlap is measured
between corresponding subsets and the average between the
two resulting values is taken). Note that a value around 50%
would indicate that the SZ-based selection is not biased to-
wards any particular type of haloes, which would imply lit-
tle correlation. This is clearly not the case, as our analysis
yields an overlap of around 60-70% across the halo mass
range considered for both statistics.
We now go a step further and test the inclusion of YtSZ
as a proxy for halo mass in Figure 7 (x-axis). Note that
the uncertainties in the determination of halo masses are a
major obstacle for probing secondary bias, since the effects
must be measured at fixed halo mass. This, given the mag-
nitude of the secondary bias signals, implies a precision in
the mass measurement of at least ∼ 0.2 dex (Sato-Polito
et al. 2019). In Figure 8, we show the relative bias between
haloes selected by LSZ and SkSZ (proxies for halo spin) as
a function of YtSZ (proxy for halo mass). We restrict this
analysis to haloes with tSZ signals YtSZ > −7, which typi-
cally correspond to halo masses log10(Mvir/h
−1M) > 12.5.
Below this threshold, the underlying spin bias signal is too
small and the scatter in the YtSZ–Mvir relation becomes
large. Figure 8 illustrates the potential of the tSZ effect as
a halo mass proxy in the context of secondary bias, and
spin bias in particular. As expected from the small scatter
in the YtSZ–Mvir relation at the high-mass end, spin bias
continues manifesting itself when YtSZ is used to bin the
data. The separation in relative bias is statistically signifi-
cant, even though, again, the error bars are dominated by
the small cosmological volume of TNG300.
6 A NOTE ON THE CURRENT STATE OF SZ
OBSERVATIONS
Our analysis shows the potential of the kSZ effect, in com-
bination with the tSZ effect, as a future observational probe
for spin bias. This idea adds to previously discussed cosmo-
logical applications, such as the mapping of the large-scale
motions of baryons in the Universe, constraining the growth
of structure or testing isotropy/homogeneity in the Universe
(e.g., Herna´ndez-Monteagudo et al. 2006; Bhattacharya &
Kosowsky 2007, 2008; Zhang & Stebbins 2011; Hand et al.
2012; Mueller et al. 2015; Alonso et al. 2016). It is important
to bear in mind, however, that measuring the kSZ signal for
7 Note that this is basically a simpler, more intuitive alternative
to the Spearman rank-order correlation coefficient, ρ.
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Figure 8. The secondary dependence of halo bias on both the
integrated kSZ signal, SkSZ, and the ratio of the integrated kSZ
and tSZ signals, LSZ, in bins of the tSZ statistic, YtSZ. Both
SkSZ and LSZ are proxies for halo spin, whereas YtSZ is a proxy
for halo (virial) mass. The dark cyan and dark orange stars show
the relative bias for low- and high-SkSZ haloes, whereas the light
cyan and light orange circles represent the same type of subsets
selected in terms of LSZ (50% subsets). Uncertainties on these
measurements correspond to the jackknife errors described in the
text. Note that the SkSZ data points have been shifted slightly
along the x-axis in order to make the error bars distinguishable.
a large number of clusters is not possible with current in-
strumentation, unless a statistical (“stacking”) approach is
employed (Hand et al. 2012; Li et al. 2018).
A more realistic assessment of the detectability of the
effect would require simulating the observational and instru-
mental uncertainties that currently beset individual mea-
surements. In this context, one of the main problems for
measuring the resolved kSZ effect on an object-by-object ba-
sis is that the signal follows the same spectral dependence
as the CMB. It can only be identified by measuring a dipole
on the plane of the detector, which requires both high sensi-
tivity and high angular resolution. In addition to this tech-
nical challenge, the kSZ signal is intrinsically small (approx-
imately an order of magnitude weaker than the tSZ effect)
and thus hard to disentangle from a variety of other astro-
physical signals, including dust and radio emission (see dis-
cussion in, e.g., Sayers et al. 2019; Mroczkowski et al. 2019).
Simulating the observed kSZ signal for a given experiment
would require mimicking its cluster selection pipeline and
accounting for the CMB sky (with associated experimental
noise) in order to include all possible systematics.
Despite the aforementioned challenges, significant
progress has been made in the last years, which lead to ten-
tative detections of the kSZ signal in a handful of clusters
(see, e.g., Mroczkowski et al. 2012; Sayers et al. 2013; Schaan
et al. 2016; Adam et al. 2017; Sayers et al. 2019). These mea-
surements have proven effective for determining the peculiar
velocities of the clusters with respect to the CMB.
The landscape is significantly more clear form tSZ ob-
servations. Since the first single-object detections by Birkin-
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shaw et al. (1984), the number of tSZ clusters available has
increased steadily. In recent years, the largest samples have
been compiled by survey instruments operating at millime-
tre wavelengths, including the Atacama Cosmology Tele-
scope (ACT, Hasselfield et al. 2013), the South Pole Tele-
scope (SPT, Bleem et al. 2015), and the Planck satellite
(Planck Collaboration et al. 2016b). With spatial resolutions
that range from 1.5 arcmin to 10 arcmin (at the wavelengths
relevant for the detection of the SZ effect), they have deliv-
ered samples of 91, 747 and 1963 tSZ clusters, respectively.
In addition, the Planck Collaboration has recently reported
the first all-sky Compton-y map (Planck Collaboration et al.
2014). These data sets have served as the basis for a num-
ber of cosmological parameter determination analyses (see
recent examples in Hurier & Lacasa 2017; Bolliet et al. 2018;
Bocquet et al. 2019; Bolliet et al. 2020).
It is projected that upcoming ground-based instrumen-
tation reaches resolutions in the sub-arcmin range, which
will enable measurements of the SZ effects with unprece-
dented precision for thousands of clusters up to high red-
shifts (e.g., Benson et al. 2014; Crites et al. 2014; Lagache
2018; Stacey et al. 2018; Mroczkowski et al. 2019). Future
space missions, on the other hand, will improve upon the
sensitivity and spectral coverage of Planck, pushing the SZ-
cluster statistics above the 105-object level (e.g., Kogut et al.
2016; Delabrouille et al. 2018; Melin et al. 2018; Smirnov
et al. 2018). The potential applications of these data sets in
the context of cosmology, the halo–galaxy connection, and
the large-scale structure of the Universe (LSS) are numer-
ous and promising (e.g., Herna´ndez-Monteagudo et al. 2006;
Bhattacharya & Kosowsky 2007, 2008; Zhang & Stebbins
2011; Hand et al. 2012; Mueller et al. 2015; Alonso et al.
2016; Soergel et al. 2018; Basu et al. 2019; Mroczkowski
et al. 2019; Nicola et al. 2020). Our results add the study of
the secondary dependencies of halo and galaxy bias to this
list of future prospects. For a more detailed description of
current and future instrumentation and its applications, we
refer the reader to Mroczkowski et al. (2019).
7 CONCLUSIONS
In this paper, we use the TNG300 hydrodynamical sim-
ulation box to explore the observational detectability of
halo spin bias, the secondary dependence of halo bias on
halo spin at fixed halo mass. In simulations, faster-rotating
haloes at z = 0 are more strongly clustered than slower-
rotating haloes of the same mass for halo masses above
log10(Mhalo/h
−1M) ' 11.5 (see recent measurements in
Sato-Polito et al. 2019; Johnson et al. 2019; Montero-Dorta
et al. 2020; Tucci et al. 2020). For the most massive, cluster-
size haloes, the bias ratio between these subpopulations is at
least 1.5, as measured from N-body numerical simulations
(Sato-Polito et al. 2019; Johnson et al. 2019; Tucci et al.
2020). In this range of masses, the assembly bias signal is
expected to be minimal (if it even exists, see discussion in,
e.g., Mao et al. 2018; Chue et al. 2018; Sato-Polito et al.
2019), which elevates the potential of spin bias as an inter-
esting alternative for probing secondary halo bias.
Measuring the rotation of haloes from observations is in-
herently much more challenging than measuring galaxy ages
or star formation histories, which could potentially trace the
assembly bias signal. However, hydrodynamical simulations
show that the total angular momentum of the gas inside
the halo (i.e., the intra-halo gas) correlates with that of the
halo’s DM component (see, e.g., Montero-Dorta et al. 2020).
Motivated by this result, we measure both the kinetic and
thermal Sunyaev Zel’dovich signals (kSZ, and tSZ, respec-
tively) produced by more than 50,000 haloes in the TNG300
box, spanning a wide range of halo masses. The kSZ effect
is known to be capable of tracing the angular momentum of
the intra-halo gas, whereas the total gas mass of the halo can
be recovered from measurements of either the kSZ or the tSZ
effects. In this paper, we analyse the extent to which these
correlations with the baryonic content of haloes transmit to
their virial properties, and take advantage of the cosmologi-
cal size of TNG300 to measure the dependence of clustering
on the integrated SZ signals. The main conclusions of this
work can be summarised as follows:
• Both the tSZ and the kSZ integrated signals, repre-
sented here by YtSZ and SkSZ, are good tracers of the total
virial mass of the halo, Mvir, with the scatter being signifi-
cantly smaller at the high-mass end. The YtSZ statistic, in
particular, provides a remarkably tight correlation for haloes
above log10(Mvir/h
−1M) > 13. The Spearman rank-order
correlation coefficients for these relations are ρ = 0.59 (YtSZ)
and ρ = 0.50 (SkSZ) within the entire halo mass range con-
sidered.
• We have evaluated the performance of both SkSZ and
the ratio of the integrated kSZ and tSZ signals, LSZ, as a
proxy for the total halo spin, λhalo. Both statistics provide
a noticeable correlation with λhalo, although the observed
scatter is, as expected, large (ρ = 0.35 for LSZ and 0.33 for
SkSZ). This reflects the turbulent motion of gas inside the
haloes, particularly at the low-mass end.
• We have shown that, in the absence of observational un-
certainties, most of the underlying TNG300 halo spin bias
signal can be recovered if the SZ-based statistics SkSZ and
LSZ are used to split the halo sample at fixed halo mass.
The performance of SkSZ in terms of tracing the underly-
ing signal is slightly better than that of LSZ, although both
measurements are fairly compatible within errors. By using
LSZ, we can mitigate the potential effect of halo mass on the
spin bias signal.
• The above statement remains true when the integrated
tSZ signal, YtSZ, is used as a proxy for virial mass at the
high-mass end. This result emphasises the potential of the
tSZ technique in the context of future observational probes
of secondary halo bias.
• The above conclusions regarding the clustering prop-
erties of kSZ haloes must be corroborated with a larger
(simulated) cosmological volume in the future, in order to
reduce the statistical errors in relative bias for the most
massive haloes. This can be attainable, for instance, with
the BAryons and HAloes of MAssive Systems (BAHAMAS)
suite of hydrodynamical simulations (McCarthy et al. 2017),
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which provides a box of 400 h−1Mpc on a side, i.e., ∼8 times
larger in volume than TNG300.
• Although the kSZ effect has only been tentatively de-
tected in a few cases, future instrumentation and space mis-
sions are expected to deliver large samples of tSZ and kSZ
data. Altogether, our results add to the potential applica-
tions of the SZ effect as a powerful probe for the LSS and
the halo–galaxy connection, once these data sets are made
available to the community.
While measuring halo spin for large samples of haloes
will be feasible in the future, progress is still needed in terms
of understanding the physical origins of the halo spin bias
effect from a theoretical standpoint. In Tucci et al. (2020),
we show that the low-mass end is dominated by splash-
back haloes, which produce the inversion of the signal re-
ported in Sato-Polito et al. (2019) and Johnson et al. (2019).
These haloes live in the vicinity of significantly more mas-
sive haloes, thus sharing their high large-scale biases. At
the high-mass end, on the contrary, the physical mecha-
nisms that determine the intrinsic spin-bias behaviour are
still not fully understood. Recent results indicate that the
(potentially related) assembly bias trend is connected to the
anisotropy of the tidal environment (Paranjape et al. 2018;
Ramakrishnan et al. 2019; Paranjape 2020; Ramakrishnan
& Paranjape 2020), which in turn seems to align well with
seminal theories that attribute the acquisition of angular
momentum by haloes to the large-scale tidal field (e.g., Pee-
bles 1969; Doroshkevich 1970; White 1984; Barnes & Efs-
tathiou 1987).
Finally, investigating the impact that the second-order
dependencies of halo clustering have on the galaxy pop-
ulation is relevant in the current era of precision cosmol-
ogy. Massive cosmological surveys such as the Dark Energy
Spectroscopic Instrument (DESI8), Euclid9, the Javalambre
Physics of the Accelerated Universe Astrophysical Survey
(J-PAS10), or even the Large Synoptic Spectroscopic Tele-
scope (LSST11) in the future will map the LSS with unprece-
dented precision, using a variety of cosmological tracers. Op-
timising the amount of information that can be extracted
from these data sets relies on our ability to disentangle the
multiple connections between galaxies and the underlying
matter density field.
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APPENDIX A: THE SZ EFFECTS FROM
TNG100
In order to test the robustness of the computation of the
tSZ and kSZ signals, we have also applied the method to
the TNG100 box. As explained in Section 2, TNG100 is sig-
nificantly smaller than TNG300, with a side length of only
75 h−1Mpc, as compared to 205 h−1Mpc for TNG300 (a
factor ∼20 in volume). It is, therefore, not suitable for clus-
tering studies, but it does provide much higher resolution.
The masses of individual DM particles and initial gas cells
are 5.1 × 106 h−1M and 9.4 × 105 h−1M, respectively,
which are roughly an order of magnitude smaller than those
of TNG300. Higher mass resolution implies a more realistic
description of the dynamics and composition of the baryonic
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Figure A1. The relation between the logarithm of the integrated
tSZ signal, YtSZ, and the logarithm of the total virial mass of
the halo, Mvir, as measured from TNG100 (blue dots, orange
contours) and TNG300 (black contours).
component of the haloes, which is a crucial element in the
kSZ and tSZ computations.
We start by comparing, in Figure A1, the relation be-
tween the integrated tSZ signal, YtSZ, and the total virial
mass Mvir, measured from TNG300 (51,530 haloes) and from
TNG100 (2,482 haloes). Although these are independent
simulations, we can compare their distributions and corre-
lations. Figure A1 displays an excellent agreement between
the measurements, despite the difference in resolution. The
only discrepancies observed are due to the different halo
mass ranges mapped by the two boxes (due to the differ-
ent volumes). The scatter in the relations is also smaller in
TNG100, likely due to the lower number of haloes in this
box.
Figure A2, on the other hand, demonstrates that the
values of the integrated kSZ signal, SkSZ, and the correla-
tions with the total mass of the gas, Mgas, the total angular
momentum of the gas, Jgas, and the total halo spin, λhalo,
are also totally consistent between TNG100 and TNG300.
The only differences are, again, the range and scatter of the
distributions. Similar agreement is found when the ratio of
statistics, LSZ, is compared.
The level of agreement described above is not surpris-
ing, since we have effectively reduced the resolution of our
haloes by performing the integration in Equation 5 assum-
ing cells that exceeds the typical size of the gas cells (this
reduces drastically the computation time and simplifies the
calculation). Figures A1 and A2 make us confident about
the robustness of the procedure.
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Figure A2. A comparison between the kSZ measurements performed in TNG100 (blue dots, orange contours) and TNG300 (black
contours). The correlations between the logarithm of the integrated kSZ signal, SkSZ, and the logarithm of the total gas mass, Mgas, the
total angular momentum of the gas, Jgas, and the total halo spin, λhalo, are shown for both boxes.
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